Polypropylene (PP) powder with spherical morphology and suitable particle size for selective laser sintering (SLS) was successfully produced by dissolution-precipitation method. The influence of preparation condition on properties of PP powder was investigated. The experimental results show that the optimal preparation conditions are as follows: dissolution temperature being about 166 ∘ C, pressure being about 0.7MPa, and the solid-to-solvent ratio being about 0.067g/ml. The prepared PP powder displayed a narrow size distribution with the mean size of about 42.7 m and the apparent density of powder about 0.40 g/cm 3 . The specimens produced by laser sintering of the PP powder showed smooth appearance and good dimensional accuracy. The tensile strength and impact strength of the sintered parts were 27.9MPa and 6.3KJ/m 2 , respectively, which are basically equal to the properties of the injection molded parts.
Introduction
Selective laser sintering (SLS) is a widespread additive manufacturing technology and a three-dimensional object which is created layer by layer from heat-fusible powdered materials with heat supplied from a moving laser beam [1] [2] [3] [4] . Compared with other additive manufacturing technologies, one of the main advantages associated with SLS is material versatility. Compared with metal materials and ceramic materials, the polymer material requires less energy during sintering, so that a relatively low energy laser beam can be used to sinter the polymer material. This permits lower laser energy to be employed by SLS than required for directly sintering with metals and ceramics. Although in theory any polymer available in powder form can be processed by laser sintering, only a few polymer powders can be used for manufacturing parts with high mechanical properties, surface quality, and accuracy [5] [6] [7] [8] [9] . According to viscous sintering mechanism, it is difficult to produce fully dense SLS parts from amorphous polymers because of the high viscosity above glass transition temperature. For crystalline polymers, the part bed temperature can be kept near melt point that fully dense parts can be produced because the powders under the laser heating can be melted completely [10, 11] .
In SLS process, amorphous polymers like polycarbonate (PC) and polystyrene (PS) have been used to create models, patterns, and parts for investment casting applications, while crystalline polymers, like polyamide, have been used to produce functional parts which have fully dense and good mechanical properties. Polyamide 12 (PA12) is certainly the most widely used laser sintering materials at the present time [12] [13] [14] [15] [16] . However, since the price of PA12 powder is very expensive, which limits its further promotion in SLS, it is of great significance to develop polymer powder with low cost but excellent performance [17] .
PP is the most common semicrystalline polymer extensively applied in many fields due to its low cost and good material performance such as a relatively low density, superior mechanical properties, high temperature resistance, corrosion resistance, good electrical properties, and chemical stability [18] [19] [20] . The aim of this paper is to investigate the production of laser sintering PP powders with appropriate particle size and spherical morphology.
Generally, the preparation of PP powder includes cryogenic milling and dissolution-precipitation method. Cryogenic milling mainly uses ceramic or metallic balls or blades to break bulk PP resin at a low temperature below −50 ∘ C and 2 Advances in Polymer Technology then prepare it into powder [21] . But PP powders produced by cryogenic milling show poor powder flowability, unfavorable particle morphology, and inappropriate particle size distributions [22] . This paper uses dissolution-precipitation to produce PP powders. Dissolving PP in a suitable solvent at a high temperature, and then by changing the temperature or adding second kinds of non-solvent, PP will precipitate as powders [23, 24] . By controlling suitable process conditions, nearly spherical PP particles with appropriate particle size could be prepared.
Materials and Methods

Materials.
PP resin (grades: SK3500, SD233CF, RP707CF, SA233CF, HJ730, T30S, and eps30r) was used for the experiment. The solvent was xylene (containing 99.0% xylene, 0.1% benzene, and 0.1% methylbenzene), which was obtained from Tianjin Fuyu Fine Chemical Co., Ltd. (Tianjin, China).
Preparation of the Powders.
The dissolution-precipitation procedure for the PP powders was as follows: PP resin and solvent were added to a 1L high-pressure reactor. Nitrogen was added to the reactor to replace oxygen and kept the pressures in the range of 0∼1.1 MPa. The mixture was stirred and heated when the temperature reached 155 ∘ C∼185 ∘ C. Then, stirring was stopped and the mixture was cooled at the rate of 0.5 ∘ C/min to 120 ∘ C while PP began to precipitate. The temperature was maintained at 120 ∘ C until the precipitation was completed (within 30 min), and then the temperature was cooled to room temperature, the products were removed, and the solvent was filtered.
Sintering Process of the Powder.
The sintering experiments of PP powder were carried out using a HK P320 laser sintering system developed by Wuhan HuaKe threedimensional Science and Technology Co., Ltd. (Wuhan, China). The sintering parameters were as follows: preheating temperature was 150 ∘ C, the laser scanning speed was 4000 mm/s, the laser power was 22W, and layer thickness was 0.12mm. The thermal behavior of PP powder was studied by differential scanning calorimetry (DSC) using a Netzsch 200F3 DSC (Erich NETZSCH GmbH & Co., Germany). The heating rate was 10.0 ∘ C/min from room temperature to 220 ∘ C; then, cooling was performed at the same rate under the protection of nitrogen. The decomposition behavior was studied with a Netzsch 209F3 thermogravimeter (Erich NETZSCH GmbH & Co., Germany). The heating rate was 20.0 ∘ C/min from room temperature to 500 ∘ C under the protection of nitrogen. The flexural properties of laser-sintered parts were measured on a WDW-50 electron universal testing machine (Shenzhen, China) using a 3-point bending test method at a test speed of 2 mm/min. Tensile tests were carried out using a WDW-50 electron universal testing machine with a crosshead speed of 50 mm/min. Izod impact tests were carried out on a XJU-22 cantilever arm impact testing machine (Chengde, China) using notched samples.
Characterization
Result and Discussion
The Effects of MFR of PP on the Preparation of Powders.
In order to study the influence of MFR of PP on preparation of powder, different grades of PP were chosen to prepare powder.
As shown in Table 1 , the PP of the grades T30S, SA233CF, RP707CF, and SD233CF cannot be prepared into powders by dissolution-precipitation, and the obtained product is a sol or a small piece. PP of the grade K3500 can be prepared into powders, but the product must be extracted by ethanol. The addition of ethanol not only increases the production cost, but also affects the xylene (as a solvent) recycled. The PP of the grades HJ730 and eps30r can be prepared into powders, and the product is easy to be solid-liquid separated. The experimental results showed that the precipitated product of PP with a relatively low MFR is in the form of a sol or agglomerate. PP with larger MFR is easy to prepare powders. This is because the lower the MFR, the larger the relative molecular weight, and the more obvious the agglomeration between the PP powder particles, so it is easier to form a gel or a block. However, the larger the MFR, the smaller the relative molecular weight of PP, which results in the poorer performance of the sintered part prepared from the PP powder. Therefore, HJ730 with a MFR of 17.8 g/(10 min) was selected as the raw material for preparing the PP powder.
The Effects of Processing Parameters on the
Characteristics of PP Powders 3.2.1. Dissolution Temperature. Preparation of PP powder with dissolution-precipitation is essentially the process of dissolving PP at high temperature and precipitating at low temperature. Therefore, temperature controlling plays an important role in the preparation of PP powder. The effects of dissolution temperature on the characteristics of powder were shown in Figure 1 . As the temperature increases from 160 ∘ C to 185 ∘ C, the apparent density of the powder increases firstly, then decreases, and becomes towards stability at last. The average particle size of the powder decreases with the increase of temperature. When the dissolution temperature is 166 ∘ C, the apparent density of the powder reaches the maximum value. At lower dissolution temperature, PP particles partially dissolved, so the average particle size of powder is large; at higher temperature, the PP particles dissolved completely; the average particle size is small, only at a suitable temperature, most of the PP dissolved, and the remaining undissolved portion acts as a nucleating agent in the crystallization process, so the distribution of average particle size of prepared powder will be suitable and the apparent density of the powder will be relatively large.
Solid-to-Solvent Ratio.
The effects of solid-to-solvent ratio on the characteristics of powder were shown in Figure 2 . As the solid-to-solvent ratio increases from 0.33 g/ml to 0.83 g/ml, the apparent density of the powder increases at first and then decreases; the average particle size of the powder dramatically increases. When the solid-to-solvent ratio is 0.067 g/ml, the apparent density of the powder is 0.37 g/cm3 and the average particle size is 65 m. The average particle size of the prepared powder decreases with the decrease of solidto-solvent ratio, but the amount of xylene in the unit mass of the preparation powder is increased, which will increase the production cost.
Pressure.
The effects of pressure on the characteristics of powder were shown in Figure 3 . During the process of gradually increasing the pressure from 0 MPa to 1.1 MPa, the apparent density of the PP powder will gradually increase and then tend to be stable, but the particle size will gradually decrease. When the pressure is 0.7 MPa, the apparent density of the powder is 0.40 g/cm 3 and the average particle size is 42 m. As shown in Figures 5(e) and 5(f) , the surface morphology of prepared powder was very smooth and spherically good, which is consistent with the requirement of SLS for powder materials. In previous studies, a particle diameter of 20∼60 m was found to be ideal for SLS. Figure 4 shows the particle diameter distribution curves of PP powders prepared on different conditions. According to Figure 4(a) , the average diameter of the powders prepared on 166 ∘ C is 72 m, and the distribution is wide. The powder particle size distribution curve prepared at a dissolution temperature of 166 ∘ C and a solid-to-solvent ratio of 0.067 ml / g are shown in Figure 4(b) . The average diameter of the powder is 65 m. The powders are prepared on 166 ∘ C, the solid-tosolvent ratio is 0.067 g/ml, and the pressure is 0.7 MPa that exhibited a narrow particle diameter distribution, as shown in Figure 4 (c), with an average particle diameter of 42 m.
SEM images of powders prepared on different conditions are shown in Figure 5 . According to the comparison of (a), (c), (e) and (b), (d), (f), we can know that the preparation conditions have great influence on the morphology of the powders. By changing the conditions, the particle size becomes smaller, the distribution becomes narrow, and the surface turns into being smoother.
Thermal Properties of the PP Powder.
DSC measurements are performed to study the thermal behavior of PP powders. The result of the DSC test for the PP powders is illustrated in Figure 6 . In an analysis of the heating curve, we can observe that there is one peak; PP powder begins to melt from 177.1 ∘ C and ends at 185.9 ∘ C; the melting point was 182.3 ∘ C. By observing the cooling curve, we can find that the PP powder started to crystallize at 151.3 ∘ C and ended at 157.6 ∘ C, and the crystallization temperature was 154.5 ∘ C. Theoretically, the SLS preheating temperature of the crystalline polymer is the temperature range at which the powder begins to melt and the melt begins to crystallize, so the theoretical preheating temperature window can be calculated using the following equation:
where T im is the start temperature of melting and T ic is the start temperature of crystallization.
From the analysis of DSC result, we can know that the available sintering window of the PP powders is from 157.6 to 177.1 ∘ C, and it is large enough for SLS. Figure 7 shows the thermogravimetry (TG) curves of the PP powders. The initial degradation temperature was 323.4 ∘ C. The decomposition temperature for 20 percent weight loss of the powder is 389.8 ∘ C and the 99.26% mass loss for the powder at 459.2 ∘ C.
Selective Laser
Sintering of the PP Powder. PP powder was sintered using a HK P320 laser sintering system whose performance parameters are shown in Table 2 . The technological parameters during SLS are shown in Table 3 .
Advances in Polymer Technology ∘ C and solid-to-solvent ratio 0.067g/ml; (e), (f) dissolution temperature 166.0 ∘ C, solid-to-solvent ratio 0.067g/ml, and pressure 0.7MPa. Figure 8 shows the specific situation of the sintered parts during SLS process. The sintering parts did not warp and the powder could be reused because it did not agglomerate. Figure 9 shows that the sintered parts have good appearance quality, smooth surface, clear contour, and no warping deformation.
The mechanical properties of the sintered parts are compared with the injection parts, and the results are shown in Table 4 . The tensile strength and impact strength of the sintered parts are similar to those of the injection parts, indicating that the density of the sintered parts is close to 100%. Figure 10 shows the microscopic shape of the section of samples from tensile test and impact test. The PP powder melts to form an internal dense sample which makes the mechanical properties of the sintered part close to the injected part. 
Conclusions
The study was performed to investigate the dissolutionprecipitation method for producing PP powder for SLS, and the following conclusions can be drawn from this work.
(i) PP with larger MFR is easy to prepare powders by dissolution-precipitation method. If the MFR of PP is lower than 10 g/(10min), it is difficult to form powder by this method. (ii) The preparation conditions such as dissolution temperature, solid-to-solvent ratio, and pressure have important influence on the particle size and microscopic shape of powders. The average particle size of the powder decreases with the increase of temperature and pressure and the decrease of solid-to-solvent ratio. (iii) The prepared PP powder was suitable for SLS. The sintered parts have good appearance quality, smooth surface, clear contour, and no warping deformation. The mechanical properties of sintered parts are close to those of injection parts.
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